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Magnetic properties and magnetic-field-induced strains ~MFIS! have been investigated for
off-stoichiometric Ni–Mn–Al Heusler alloys with an ordered L21 structure. A clear martensitic
transformation in Ni53Mn25Al22 alloy was revealed below the Curie temperature. In the
polycrystalline specimen, an irreversible relative change due to the MFIS was confirmed between
the martensite start and finish temperatures M s and M f , and a maximum relative length change
DL/Lu7T of about 2100 ppm was observed at just above M f . On the other hand, a large irreversible
relative length change of about 1000 ppm has been demonstrated in the magnetic field of 7 T for a
single crystal cut from the polycrystalline specimen. A delay of the response of strains against the
magnetic field was also confirmed. © 2000 American Institute of Physics.
@S0003-6951~00!01645-4#Recently, various magnetic properties have received at-
tention for development of the ferromagnetic shape-memory
alloys as magnetomechanical materials.1,2 In particular,
Fe–Pd and Ni2MnGa alloys have been extensively investi-
gated due to their large strains induced by an external mag-
netic field. These strains have been discussed in terms of the
rearrangement of twin variants.3–6
In the Ni–Mn–Al ternary system, the thermoelastic mar-
tensitic transformation has been investigated.7–9 The mag-
netic state of a quenched B2 phase of the off-stoichiometric
Ni2MnAl Heusler alloys has been reported to be antiferro-
magnetic and/or spin glass.8 On the other hand, an ordered
L21 phase, which is very recently observed,9 is ferromag-
netic and also shows a martensitic transformation in analogy
with Ni2MnGa. Therefore, the presence of the magnetic-
field-induced strains ~MFIS! is also expected in the present
system.
In the present study, the fundamental magnetic proper-
ties and the MFIS were investigated for off-stoichiometric
Ni2MnAl Heusler alloys. We have observed a large strain.
Since the martensitic transformation temperature and the Cu-
rie temperature are very sensitive to the concentration, the
investigation has been restricted to the ferromagnetic speci-
mens of Ni501xMn25Al252x (0<x<3.0), which show a rela-
tively high martensitic transformation temperature of 200–
250 K.10,11
Ni–Mn–Al ternary alloys with a B2 single phase were
prepared in an induction furnace under an argon atmosphere.
To obtain an L21 phase, all of the cast alloys were solution
treated at 1000 °C for 72 h and quenched in ice water, fol-
lowed by aging at 400 °C for 500–600 h. The magnetization
was measured with a superconducting quantum interference
device magnetometer. The length change of the specimen
parallel to the applied magnetic field was measured by a
three-terminal capacitance method. Most of the measure-
ments were carried out for the polycrystalline specimens, and
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Downloaded 14 Feb 2010 to 130.34.135.83. Redistribution subject toa single-crystalline grain block of about 23232 mm cut
from the polycrystalline specimen was also used for the mea-
surement of the relative length change.
Figure 1 shows the temperature dependence of magneti-
zation in the magnetic field H of 5 mT for Ni501xMn25Al252x
(x50.0, 2.5, and 3.0!. A magnetic susceptibility divergence
FIG. 1. Temperature dependence of the magnetization for
Ni501xMn25Al252x (x50, 2.5, and 3.0! alloys. The Curie temperature TC ,
the martensite start and finish temperatures M s and M f , and the blocking
temperature TB are, respectively, indicated by the arrows.4 © 2000 American Institute of Physics
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of 300–400 K for all specimens. A broad shoulder appears
for x52.5 and a pronounced terrace-like change occurs for
x53.0 between the martensite start temperature M s and its
finish temperature M f in the M – T curve, revealing the
change in the magnetic anisotropy caused by the martensitic
transformation.
At low temperatures, the susceptibility for x52.5 and
3.0 decreases with decreasing temperature below TB . Since
the B2 phase exhibits an antiferromagnetic behavior,8,12
compositional inhomogeneity or structural defects can bring
about a spin-glass-like phase transition caused by the com-
petition between the ferromagnetic and antiferromagnetic ex-
change interactions. What has to be noticed is that the diver-
gence of the second nonlinear susceptibility, x2
5]3M /]3HuH;0 , is evidence for the spin-glass transition.13
However, no divergence around TB was observed in the tem-
perature dependence of x2 obtained from the signal of the 3v
component in an ac magnetic field with a frequency of v. It
has been reported that L21 Ni–Mn–Al Heusler alloys have
nanoscale antiphase domain ~APD! structures surrounded by
antiphase boundary ~APB! regions.9 It is plausible that the
APB regions inhibit the long-range ferromagnetic interaction
at low temperatures and, hence, the APDs behave like ferro-
magnetic clusters. Such a structural characteristic is respon-
sible for the origin of the blocking of the magnetic clusters.
Accordingly, the change of susceptibility below TB does not
originate from the spin-glass behavior but should be attrib-
uted to the blocking of magnetic clusters, and TB corre-
sponds to the blocking temperature.
To evaluate the magnitude of the MFIS, the relative
length change DL/L parallel to the external magnetic field H
was measured. Shown in Fig. 2 is the DL/L – H curve for the
polycrystalline sample with x53.0 cooled down from room
temperature to 228 K, i.e., just above the M f point of 226 K.
On applying a magnetic field, a shrinkage of the specimen
was observed and DL/L becomes about 2100 ppm at 7 T.
An irreversible behavior appears under the decreasing mag-
netic field and a residual DL/L of about 280 ppm is ob-
served after the magnetic field becomes zero. Furthermore,
the observed value of DL/L becomes only of about 220
ppm in the second cycle in the same procedure.
The temperature dependence of the relative change in 7
T, DL/Lu7T , in the first cycle is displayed in Fig. 3. The
FIG. 2. Relative length change DL/L measured parallel to the direction of
magnetic field H at 253 K for the Ni53Mn25Al22 polycrystalline alloy.Downloaded 14 Feb 2010 to 130.34.135.83. Redistribution subject tomeasurement was carried out in the cooling ~the parent to the
martensitic transformation! process and M s and M f points
are indicated by the arrows. As seen in Fig. 3, DL/L be-
comes larger with decreasing temperature below M s and ex-
hibits a maximum at just above M f . It should be noted that
DL/L is small in the range just below M f . Therefore, the
MFIS in the present system should be closely correlated to
the phase transition in analogy with the Ni52Mn22.5Ga25.8
alloy.6 Many twin variants are observed at just above M f and
the volume fraction of the parent phase is very small there.11
In Ni–Mn–Ga alloys, the MFIS have been explained by the
rearrangement of twin variants,2,4,5 and the coexistence of
small amounts of the parent phase provides a good environ-
ment for the motion of the twin variants.14 Therefore, the
large value of the MFIS in the present system could also be
explained in a similar way.
The magnitude of the MFIS should depend on the crys-
tallographic orientation, because the twin boundary motion is
correlated to the magnetic anisotropy in the twin variants.2 In
order to bear out this point, the DL/L – H measurement was
carried out for a cubic single-crystalline grain block cut out
from the polycrystalline specimen. In the single-crystalline
specimen, the difference between M s and M f is very small.
As shown in Fig. 4, DL/L measured parallel to H increases
remarkably with increasing magnetic field, especially above
2 T, and becomes about 1000 ppm at 7 T. The inset shows
FIG. 3. Temperature dependence of the relative length change in 7 T,
DL/Lu7 T for the Ni53Mn25Al22 polycrystalline alloy. The martensite start
and finish temperatures M s and M f are indicated by the arrows.
FIG. 4. Relative length change DL/L measured parallel to the direction of
magnetic field H at 253 K for the single-crystalline specimen cut from the
Ni53Mn25Al22 polycrystalline alloy. The inset shows the stereo triangle in-
dicating the direction of applied magnetic field.
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netic field. The important point to note is that the sign of
DL/L is positive and the magnitude of DL/L is ten times
larger, compared to the data of the polycrystalline specimen
given in Fig. 2. When the magnetic field is reduced from 7 T,
DL/L still keeps increasing with decreasing magnetic field
and the total irreversible strains becomes about 1700 ppm. A
similar behavior is observed in the second cycle, but the
magnitude of DL/L is much smaller than that in the first
cycle.
As seen in Figs. 2 and 4, the increase of DL/L has been
observed even in the decreasing of the magnetic field. A
feasible explanation for such a behavior is delay of the re-
sponse of strains against the magnetic field. Shown in Fig. 5
is the time dependence of DL/L for the single crystal at 253
K in the magnetic field of 3 T. The values of DL/L start to
increase just after the magnetic field is fixed, and the incre-
ment becomes sluggish with increasing time. When the mag-
netic field is turned off, no change of DL/L against time is
observed. Therefore, the time dependence of DL/L is closely
related to the magnetic field. By applying a magnetic field of
3 T again, the time-dependent change of DL/L revives, but
the initial rate is smaller than that in the first run. Namely,
the present time-dependent phenomenon is an irreversible
activation process caused by the magnetic field. In the next
stage, the initial rate of the time dependence of DL/L be-
FIG. 5. Time dependence of the relative length change DL/L in the inter-
mittent and steady magnetic fields.Downloaded 14 Feb 2010 to 130.34.135.83. Redistribution subject tocomes larger when the magnetic field of 4 T is applied, al-
though the decay is observed again. Consequently, the
present activation process is also a function of the strength of
the magnetic field. For a detailed discussion on the irrevers-
ibility in the rearrangement of twin variants, further observa-
tions of the structure and the magnetic domain are necessary.
In summary, a clear martensitic transition has been ob-
served in ferromagnetic off-stoichiometric Ni–Mn–Al Heu-
sler alloys. In the Ni53Mn25Al22 polycrystalline alloy, an ir-
reversible behavior due to the magnetic-field-induced strains
was observed in a range between the martensite start and
finish temperatures M s and M f . A maximum value of the
MFIS of about 2100 ppm was observed at just above M f . In
a single-crystal cut from the polycrystalline specimen, the
magnitude of the MFIS, accompanied by a time-dependent
change, attains about 1700 ppm.
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his assistance in the experimental work.
1 K. Ullakko, J. Mater. Eng. Perform. 5, 405 ~1996!.
2 R. C. O’Handley, S. J. Murray, M. Marioni, H. Nembach, and S. M.
Allen, J. Appl. Phys. 87, 4712 ~2000!.
3 R. D. James and M. Wuttig, Philos. Mag. A 77, 1273 ~1998!.
4 V. A. Cherenko, E. Cesari, V. V. Kokorin, and I. N. Vitenko, Scr. Metall.
Mater. 33, 1239 ~1995!.
5 K. Ullakko, J. K. Huang, C. Kantner, R. C. O’Handley, and V. V.
Kokorin, Appl. Phys. Lett. 69, 1966 ~1996!.
6 G. H. Wu, C. H. Yu, L. Q. Meng, J. L. Chen, F. M. Yang, S. R. Qi, W. S.
Zhan, Z. Wang, Y. F. Zheng, and L. C. Zhao, Appl. Phys. Lett. 75, 2990
~1999!.
7 R. Kainuma, H. Nakano, and K. Ishida, Metall. Mater. Trans. A 27A,
4153 ~1996!.
8 S. Morito, T. Kakeshita, K. Hirata, and K. Otuska, Acta Mater. 46, 5377
~1998!.
9 Y. Sutou, I. Ohnuma, R. Kainuma, and K. Ishida, Metall. Mater. Trans. A
29A, 2225 ~1998!.
10 F. Gejima, Y. Sutou, R. Kainuma, and K. Ishida, Metall. Mater. Trans. A
30A, 2721 ~1999!.
11 R. Kainuma, F. Gejima, Y. Sutou, I. Ohnuma, and K. Ishida, Mater.
Trans., JIM 41, 1703 ~2000!.
12 K. R. A. Ziebeck and P. J. Webster, J. Phys. F: Met. Phys. 5, 1756 ~1975!.
13 P. Monod and H. Bouchiat, J. Phys. 41, 427 ~1980!.
14 C. H. Yu, W. H. Wang, J. L. Chen, G. H. Wu, F. M. Yang, N. Tang, S. R.
Qui, W. S. Zhan, Z. Wang, Y. F. Zheng, and L. C. Zhao, J. Appl. Phys.
87, 6292 ~2000!. AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
